Sustainability of Natural Attenuation of Nitrate in Agricultural Aquifers
I ncreased concentrations of nitrate in groundwater in agricultural areas, coinciding with increased use of chemical and organic fertilizers, have raised concern because of risks to environmental and human health. At some sites, these problems are mitigated by natural attenuation of nitrate as a result of microbially mediated reactions. Results from U.S. Geological Survey (USGS) research under the National WaterQuality Assessment (NAWQA) program show that reactions of dissolved nitrate with solid aquifer minerals and organic carbon help lower nitrate concentrations in groundwater beneath agricultural fields. However, increased fluxes of nitrate cause ongoing depletion of the finite pool of solid reactants. Consumption of the solid reactants diminishes the capacity of the aquifer to remove nitrate, calling into question the long-term sustainability of these natural attenuation processes.
Increased use of chemical and organic fertilizers in agricultural areas ( fig.  1 ) over the past 50 years has coincided with increased nutrient concentrations in groundwater (see, for example, Böhlke, 2002) . Today nitrate ) is one of the most abundant groundwater contaminants in the United States (Nolan and Stoner, 2000) . This is cause for concern because elevated NO 3 − concentrations have been associated with human health risks (World Health Organization, 2004) , and when NO 3 − -laden groundwater discharges to surface waters, it contributes to eutrophication (Howarth and Marino, 2006) .
One important factor determining the extent and duration of NO 3 − contamination is denitrification, a type of reduction-oxidation or "redox" reaction. These reactions involve the chemical transfer of electrons from reduced compounds ("reductants") to electron-accepting compounds ("oxidants"). A commonly observed example in everyday life is the corrosion of exposed iron. In the presence of water, electrons pass from the reductant (iron) to the oxidant (oxygen gas) to form rust consisting of iron oxides, hydroxides, and oxyhydroxides. Microorganisms facilitate many redox reactions such as denitrification. In groundwater, electron transfer from organic or inorganic reductants to NO 3 − generates energy for denitrifying microorganisms. The denitrification reaction creates N 2 , a harmless gas, and consumes NO 3 − , helping to prevent or reverse groundwater contamination by this compound. Figure 2 shows a schematic of redox processes important to the fate of groundwater NO 3 − . Some reactants required for denitrification arrive in groundwater as dissolved solutes originating near the land surface and recharging through the unsaturated zone to the groundwater affect natural attenuation of agricultural contaminants in groundwater. To character--ticated analyses, including various stable isotopes, dissolved gases in groundwater, solid-phase mineralogy and chemistry, groundwater age-tracers, and major ion chemistry (Green and others, 2008a ).
Denitrification at ACT Sites
Combined results from investigations completed at the ACT study sites show that O 2 controlled by solid phases of OC as well as Fe-and S-minerals in the aquifers. At these sites, reduced Fe and S are absent in recharging water, and DOC concentrations are typically too low to account for the mass of O 2 and NO 3 − that has Therefore, the observed O 2 reduction and reactions with solid-phase OC, Fe, and(or) S, which are relatively plentiful, but in Although some DOC is present in recharging water, patterns in DOC concentrations indicate that it has limited reactivity at most ACT sites. As O 2 and NO 3 − are consumed, concentrations of DOC remain relatively constant at Maryland, Washinga decrease in DOC concentration does occur, suggesting some involvement of DOC in the redox reactions; however, the total amount of DOC supplied in recharging water is too small to account for the amount of O 2 -(SUVA) of DOC gives an indication of its reactivity or labile fraction (Weishaar and others, 2003 
Implications for Future Nitrate Fluxes and Water Quality
These results show that with current agricultural practice, the depletion of aquifer reductants will result in decreased others, 2002, 2005) . Improved understanding of the sustainability of denitrification will require additional information about the reactivity of these heterogeneously distributed aquifer reductants. The importance of the rates and sustainability of denitrification varies depending on local site conditions. Rates of denitrification are similar among the ACT study sites and are typically low (Green and others, 2008a; Green and others, 2009 ). At sites with relatively high rates of recharge, such as Maryland, Washington, and California (Green and others, 2008b) , denitrification is too slow to substantially affect oxidant and reductant concentrations during transport through shallow groundwater. Declines in denitrification will likely produce minor changes relative to the large total flux through shallow groundwater. At sites such as Nebraska, where recharge rates are variable, or Mississippi (another ACT site currently being studied), where recharge rates are low (Green and others, 2009) , declines in denitrification rates or increased NO 3 − flux will likely cause dramatic increases of NO 3 − fluxes to deeper groundwater and adjacent water bodies. Because denitrification rates are low at all of the ACT sites, sustaining potable groundwater quality will require long-term efforts to optimize the efficient use of nitrogen fertilizers and irrigation.
Although this study focuses on NO 3 − , the results apply to other groundwater contaminants affected by redox geochemistry. For example, the increased fluxes of O 2 and NO 3 − from agriculture can result in release of metals such as arsenic and uranium bound in mineral reductants (Böhlke, 2002; Izbicki and others, 2008) and may facilitate transport of these redox-sensitive solutes by oxidizing portions of the aquifer that would otherwise reduce the solutes to immobile forms. 
Conclusions
Results of this research to date justify the following conclusions:
• NO 3 − contamination is prevalent in groundwater at the studied agricultural sites.
• Denitrification in these aquifers relies on a finite reservoir of solid-phase reductants.
• Because of increased fluxes of O 2 and NO 3 − beneath agricultural lands, this finite reservoir of solid-phase reductants is being depleted.
• Further work is needed to quantify the existing reduction capacity and to determine the long-term sustainability of NO 3 − natural attenuation in agricultural aquifers. 
